Abstract-Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) as well as polychlorinated biphenyls (PCBs) were measured in white-tailed deer (Odocoileus virginianus) near a magnesium-refining facility in Quebec (Canada) known to be a source of chlorinated organic compounds to the area. We compared contaminant concentrations in deer caught one year before the start of magnesium production with those measured three years later. Total PCB concentrations were spatially uniform in deer before magnesium production, but after magnesium production began, concentrations were higher near the smelter and decreased with distance. Many of the midrange PCB homologues that bioconcentrate most in deer showed similar relationships. Concentrations of coplanar PCB congeners and cytochrome P4501A expression in deer liver were examined in a subset of the samples, and these also showed a significant inverse relationship with distance after magnesium production began. This pattern was not observed for PCDD/F concentrations in deer. The risk involved for the human population in consuming local deer meat was assessed by applying contaminant concentrations measured in the present study to Health Canada consumption guidelines. Contaminants in deer were not shown to pose a serious risk to the population, but the number of portions of deer from beyond 20 km that could be safely consumed was less restrictive than the number for deer from within a 5-km radius of the magnesium smelter.
INTRODUCTION
The present study examined the bioaccumulation of persistent organic pollutants in deer near a magnesium smelter that released polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) to the surrounding environment. The persistent organic pollutants in the atmosphere enter the terrestrial food chain via an airvegetation-herbivore pathway, and they bioaccumulate and biomagnify to higher trophic levels because of their lipophilicity and persistence [1] [2] [3] . Because of their wide range of chemical properties, PCB and PCDD/F congeners have been shown to undergo differential transformation on release into the environment as they partition, degrade, and concentrate to varying degrees in biota [4] [5] [6] .
The smelter was a source of PCDD/Fs and PCBs because of its chlorine extraction process. Magnesium was extracted from asbestos mine tailings through an acid-leaching process, producing metallic magnesium in a molten salt electrolysis. Chlorine gas was produced as a by-product in the electrolysis and recycled; however, a portion of it reacted with organic carbon impurities in the electrolytic cells, producing organochlorine compounds (OCs). These were released in a gaseous form and vented from the facility [7] . Tests conducted by the Ministry of the Environment in Quebec (Canada) reported average annual atmospheric releases of 0.3 kg/year of total PCBs (⌺PCB) and 3.6 g toxic equivant concentrations (TEQs)/year of total PCDD/Fs (⌺PCDD/F) ( [8] ; Magnola Metallurgy, Danville, QC, Canada, unpublished data). The smelter was oper-ational for just over two years, from 2000 to early 2003, and produced magnesium at a rate of less than half its full capacity. Nevertheless, it contributed approximately 3% of all the PCDD/F emissions in Canada during 2002 and ranked among Canada's top-10 largest sources of dioxins and furans [8] (http: //www.ec.gc.ca).
Polychlorinated biphenyls are classified as probable human carcinogens, and PCDD/Fs are known carcinogens in laboratory animals. These compounds have caused adverse effects on reproductive, hepatic, endocrine, and immunological systems in numerous animal studies, and prenatal exposure has been linked with neurological and developmental effects in children [9] . Induction of cytochrome P450 (CYP1A) enzymes, as measured by ethoxyresorufin O-deethylase activity (EROD), is a well-known response in vertebrates to dioxin/ furan and coplanar PCB (non-ortho-PCB [nPCB]) exposure. Ethoxyresorufin O-deethylase activity has been used extensively as a biomarker of PCDD/F and PCB exposure in various species, such as birds, fish, and marine as well as terrestrial mammals [9] . In deer, EROD activity was measured, to our knowledge for the first time, in a study by Sivapathasundaram et al. [10] , and the present study further investigates the use of EROD in this species as a biomarker of PCDD/F and PCB exposure.
To determine whether the smelter was a source of contaminants to the local food web, concentrations were measured in white-tailed deer (Odocoileus virginianus). Two groups of deer were analyzed: Those captured before the smelter opened (as a preimpact control, deer from 1999), and those collected two years after the smelter began operations (deer from 2002). White-tailed deer in the region serve as a good indicator for local contamination because of the limited size of their range, PCB and dioxin accumulation in deer near a smelter Environ. Toxicol. Chem. 26, 2007 2651 which varies between 0.67 and 25 km 2 based on observations of home-range sizes for this species in North America [11, 12] . These home-range sizes are very small compared to the spatial scale of the present study, which encompassed a 30-km radius around the smelter, translating to an area of more than 2,800 km 2 .
We also determined whether the smelter was emitting PCBs and PCDD/Fs in quantities that would compromise the health of the local human population consuming the deer ( [13] http://www.hc-sc.gc.ca/ewh-semt/pubs/contamsite/part-partie i/indexe.html). The region is a popular hunting area, and venison often is a staple of local diets. Standardized dietary consumption guidelines from Health Canada (Ottawa, ON) were applied to contaminant levels measured in the deer to evaluate whether people are at risk of adverse health effects as consumers of the deer.
MATERIALS AND METHODS

Study site and sampling
The magnesium smelter is located in the Eastern Townships of Quebec near Asbestos, which is approximately 45Њ45Ј30ЉN and 72Њ00Ј21ЉW at an elevation of 190 m [8] . The prevailing wind direction in the region was toward the northeast during the time the smelter was operational (2000-2003) [15] (http://www.climate.weatheroffice.ec.gc.ca). Samples were taken in 1999 before the smelter's opening in 2000 and while the smelter was operational in 2002. Each year, hunters in the central Quebec region within a 50-km radius of the smelter were asked for a sample of the deer at the registration office during the designated hunting season as permitted by Quebec's Societé de la Faune et des Parcs (the last weekend in October and first weekend in November). The locations of the deer kills were identified by each hunter on a map and digitally recorded using Geographic Information Systems ArcView 3.2 mapping software (ESRI, Redlands, CA, USA).
Adipose tissue of freshly killed deer was cut from inside the hind leg of the deer with dissection instruments, and tissue was wrapped in precleaned aluminum foil and placed in a marked plastic bag. All instruments and aluminum foil were sterilized before use by washing in industrial-grade detergent and rinsing three times with deionized water, then three times each with American Chemical Society-grade acetone and hexane, and stored in a glassware oven at 200ЊC for 12 h. A total of 90 fat samples were collected in 2002, and of these, 43 were selected for PCB analysis. In 1999, a total of 123 deer were sampled, 33 of which were selected for PCB analysis. The 1999 and 2002 samples were analyzed at the same time. Twelve of the 2002 fat samples were selected for PCDD/F and nPCB analysis. Samples were selected to represent an even distribution of distances from the smelter. The tissues of each deer were placed in separately labeled, plastic Whirl-Pak bags (Millipore, Bedford, MA, USA) and kept frozen on-site in a cooler on dry ice at Ϫ80ЊC until they were returned to the University of Ottawa, where they were stored in a Ϫ20ЊC freezer until analysis. Fresh liver samples (n ϭ 13) were available from a small subset of the deer from which the fat samples were collected. Livers were frozen within 2 h of animal death. These were wrapped in sterile foil and stored at Ϫ80ЊC in Whirl-Pak bags before analysis.
PCB analysis
Approximately 0.5 g of fat tissue was extracted by dichloromethane/hexane (1:1) elution in a glass column [16] . Sample cleanup was accomplished using gel permeation chromatography (Autoprep 1002A; Analytical Bio-Chemistry Laboratories, Columbia, MO, USA) and fractionation by passing extracts through an activated silica gel column. All extracts were evaporated in iso-octane, and mirex was added as an internal standard. All solvents used were Omnisolv high-purity grade from VWR International (Mississauga, ON, Canada). Samples (volume, 500 l) were analyzed by a Hewlett-Packard 6890 Series II gas chromatograph (Palo Alto, CA, USA) with a 63 Ni electron-capture detector using splitless injection with an inlet temperature of 250ЊC and separated on a DB-5MS column (length 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m; J&W Scientific, Folsom, CA, USA) using helium carrier gas at 3.1 ml/min. A total of 125 PCB congeners were separated out as chromatographic peaks, and concentrations were determined with Hewlett-Packard Chemstation software (Rev. A.06.03).
To determine lipid content, 0.5 g of the sample was extracted in the accelerated solvent extractor (Dionex, Sunnyvale, CA, USA). The extract was evaporated to complete dryness, and lipid content was determined gravimetrically using the formula initial vial weight Ϫ final vial weight % lipid content ϭ · 100 tissue weight Quality assurance for the method used in the present study was validated in an interlaboratory performance test for PCB and OC analysis of mammal tissue by the National Institute of Standards and Technology (Gaithersburg, MD, USA). Six samples of whale blubber control material (Marine Mammal Quality Assurance Exercise Homogenate VI) and Standard Reference Material (SRM1945 Organics in Whale Blubber) were analyzed. These tests ranked our performance among the best of 24 international laboratories participating in this official round-robin testing [17] .
One method blank was run with every set of five samples. Each sample was blank-corrected on a congener-by-congener basis using the blank within its particular set. Method detection limits were calculated as an average of the method blanks (n ϭ 18) Ϯ two standard deviations [18] and the detection limits reported as two standard deviations, because the blanks were subtracted at the onset of the analysis. The detection limit for ⌺PCB was approximately 1.8 ng/g and ranged from less than 0.1 to 632.34 pg/g for individual congeners.
PCDD/F and nPCB analysis
The analytical procedure that was used for PCDD/Fs and nPCBs has been described by Simon and Wakeford [16] and is accredited by the Canadian Association for Environmental Analytical Laboratories. Briefly, the column extraction and gel permeation chromatography cleanup followed the same protocol as that used for the PCBs. This was followed by an alumina column cleanup, and the separation of PCDDs, PCDFs, and nPCBs from other compounds was achieved using an automated carbon-fiber column chromatograph (Chromat-A-Trol Model II controller and Model E-120-S pump; Eldex Laboratories, Melno Park, CA, USA). After desorption with toluene (Omnisolv TX0737-1; BDH, Toronto, ON, Canada), nPCBs were separated from PCDD/Fs using Florisil column chromatography (U.S. Silica, Berkeley Springs, WV). Quantitative analysis was performed with a VG AutoSpec doublefocusing high-resolution mass spectrometer fitted with a Hewlett-Packard 5890 Series II high-resolution gas chromatograph.
An Alpha VMS data system (Hewlett-Packard) provided data collection and instrument control. Chromatographic interpretation was performed using Mass Lynx software (Ver 4.0; Waters, Milford, MA, USA).
Two method blanks and three quality-control samples (herring gull egg homogenate prepared in-house) were analyzed in addition to the fat samples. The analytical samples were spiked with standard solutions, and the nPCB and PCDD/F batch calibration standards were prepared. The internal standard recoveries were deemed to be acceptable according to U.S. Environmental Protection Agency Method 1613 standards [16] . Recoveries and concentrations (wet wt) for PCDD/Fs were calculated manually based on relative response factors for the calibration standards, and recoveries were within normal parameters for this method and averaged 82% Ϯ 1% (mean Ϯ standard error [SE]) for PCDD/Fs and 61% Ϯ 2.2% (mean Ϯ SE) for nPCBs. The limit of detection was set at a signal to noise ratio of 3:1, and the limit of quantification was set at a signal to noise ratio of 10:1.
EROD analysis
The expression of hepatic cytochrome P450 1A1 enzymes in deer liver (n ϭ 13) was measured as EROD activity in a bioassay described by Kennedy and Jones [19] . All liver samples were maintained at 4ЊC on ice for the duration of the microsome preparation. The samples were thawed on ice for 10 min, and 0.6 g of each sample was cut using a scalpel and scissors and homogenized with a Teflon pestle in 600 l of sodium phosphate buffer (0.05 M). Samples were then transferred to Eppendorf microcentrifuge tubes and centrifuged for 20 min at 4ЊC at 10,000 g or 11,000 rpm (Eppendorf centrifuge 5415C; Brinkman Instrument, Westbury, NY, USA). The supernatant was transferred to a microcentrifuge tube for highspeed centrifugation for 1 h at 4ЊC at 49,000 rpm. The excess liquid was drained, and the resulting pellet was rinsed with sodium phosphate buffer (0.05 M) and then resuspended. For each sample, three aliquots of 200 l each were frozen at Ϫ80ЊC.
The EROD assays were carried out on Falcon 48-well plates, and each sample was analyzed in triplicate with one blank. Bovine serum albumin and resorufin were used as standards, and sodium phosphate buffer, microsomes, and 7-ethoxyresorufin were added to each well in concentrations and volumes specified in the method described by Kennedy and Jones [19] . The plate was preincubated on a dry block heater (VWR International) for 5 min at 37ЊC, after which nicotinamide adenine dinucleotide phosphate was added, followed by a 10-min incubation, at which point the reaction was halted by the addition of fluorescamine. The plate was then left at room temperature for 15 min to allow stable fluorescence and scanned on the fluorescence plate reader using a 530-nm excitation filter (bandwidth, 25 nm) and a 590-nm emission filter for resorufin and using a 400-nm excitation filter (bandwidth, 35 nm) and a 460-nm emission filter to obtain fluorescamine protein measurements. The fluorescence multiwell plate reader was a SpectraMax Gemini XS from Molecular Devices (Sunnyvale, CA, USA) equipped with a Xenon flash lamp (1 joule/ flash) and a R-3896 photomultiplier. A SpectraMax Plus 384 spectrophotometer (Molecular Devices) was used for protein assays. Fluorescence data were imported into Quattro Pro Version 9.0 for Windows (Borland, Cupertino, CA, USA) for curve fitting.
Statistical analysis
Data analysis was performed using SYSTAT Version 10 (SPSS 2000, Standard Version; SPSS, Chicago, IL, USA). Total, homologue, and individual PCB concentrations in 1999 and 2002 were each regressed against distance, the covariate parameter. An analysis of covariance (ANCOVA) model tested the homogeneity of the slopes between the two linear regressions, with distance and time (1999 and 2002) as independent variables (the latter being categorical). Significance was reported only if the 2002 regression was significant and if the slopes were significantly different between 1999 and 2002 (e.g., a significant ANCOVA interaction term). If PCB concentrations were less than the instrument detection limit, a random number was generated between zero and the detection limit using a Microsoft Excel 2002 (SP3; Redmond, WA, USA) function to normalize the data. This procedure reduces statistical bias, because it best approximates the total variance in the samples [20] . Generally, the PCB homologues and congeners used for analysis (Table 1 ) had a minimal number of randomly generated numbers (Ͻ12%). In an additional test, a before-after control-impact (BACI) design was used to compare 1999 and 2002 deer that were near (Ͻ5 km) and far (Ͼ15 km) from the smelter [21] . This analysis was based on a twoway analysis of variance (ANOVA), with the distance and year groupings as cofactors. To test whether the difference in PCB concentrations between the years varied between the distance groupings, the significance of each individual factor and the interaction term was tested. All concentration data were log 10 transformed. Overall, assumptions were tested and met for the linear regressions, ANOVAs, and ANCOVA models. Normality was tested by one-sample Kolmogorov-Smirnov (Lilliefors) test on the residuals, by visual inspection of a normality probability plot of residuals, and by examination of the ratio of skewness/SE of skewness to kurtosis/SE of kurtosis (Ͻͦ2ͦ). Independence was verified by the Durbin-Watson D statistic (2 Ϯ 0.5) and by an autocorrelation plot (Ͻͦ0.5ͦ). Homoscedasticity was validated by using Levene's test and visually inspecting a plot of studentized residuals.
In the human health risk assessment, the sum of the concentrations of PCDD/Fs and nPCBs multiplied by their respective toxic equivalency factors (TEFs) yielded a TEQ [22] . Because PCDD/Fs and nPCBs have a common mechanism (binding to the aryl hydrocarbon receptor) and commonly are found as mixtures, the TEF methodology is applied, assigning each congener a TEQ based on their relative potency as compared with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which has a TEF of one [22] . The intake of each contaminant in a single-meal portion was calculated using the following equation [13] :
where dose is in terms of pg TEQ/kg body weight/week, C Food is the concentration of contaminant in food (pg TEQ/g), IR Food is the receptor ingestion rate for food (g/week), and body weight is human body weight (kg). Standardized human body weights (body wt ϭ 70.7 kg) and portion sizes for wild game (IR Food ϭ 270 g/week) were used in the calculation [13, 23] . A lipid correction was applied to IR Food , because the contaminant levels in the present study were measured in deer fat but people consume the venison muscle, which has a very low fat content (1.87%). This value was determined by laboratory measurement in actual deer muscle samples and from the lipid content of deer as reported in Table 1 . a similar study [2] . The risk characterization was based on a hazard quotient (HQ) that was calculated using the following equation [13] :
HQ ϭ estimated exposure/tolerable intake where HQ is unitless, estimated exposure and tolerable daily intake (TDI) are in terms of pg/kg/d and quantities are converted into weekly intakes. Estimated exposure is referred to as the single-portion intake. Exposures associated with HQ Յ 0.2 are considered to be negligible [13] . Risk was calculated using the 95% upper confidence limit (UCL) on the arithmetic mean, a method used to estimate the reasonable maximum exposure-point concentration to which a receptor might be exposed over a significant amount of time. The 95% UCL of the mean gives a conservative estimate for the true mean concentration at a site, thus providing reasonable confidence that the true site average is not underestimated. This method currently is recommended by the U.S. Environmental Protection Agency. In the present study, the 95% UCL was calculated using ProUCL software (Ver 3.0; Lockheed Martin, Las Vegas, NV, USA), which determines the most appropriate distribution for the value (gamma distribution) [24] .
RESULTS AND DISCUSSION
PCB concentrations and spatial trends
The mean ⌺PCB concentration in 2002 for all deer combined (6.2 Ϯ 0.8 ng/g lipid wt) was 1.5-fold greater than that in 1999 (4.0 Ϯ 0.2 ng/g lipid wt; error estimates represent the standard deviation). The ⌺PCB concentration showed an inverse relationship with distance (r 2 ϭ 0.21, p Ͻ 0.01) in 2002 only, and the 1999 and 2002 regressions were further contrasted, with a clear difference between the slopes of the lines from both years (p Ͻ 0.01) ( Table 1 and Fig. 1 ). Additionally, in 2002, the ⌺PCB concentration in deer collected close to the smelter (Ͻ5 km, n ϭ 10) was consistently higher than that in deer collected farther away (Ͼ15 km, n ϭ 15), with concentrations of 11 Ϯ 2.9 and 6.4 Ϯ 0.8 ng/g lipid weight, respectively. In 1999, the ⌺PCB concentrations within 5 km (n ϭ 11, 3.8 Ϯ 0.3 ng/g lipid wt) and beyond 15 km (n ϭ 12, 3.6 Ϯ 0.3 ng/g lipid wt) of the smelter were considerably lower than those in 2002 near the smelter. A two-way ANOVA showed that the log ⌺PCB concentrations differed significantly between 1999 and 2002 and between the near and far groupings (interaction term, year ϫ distance; p Ͻ 0.05) in 2002 only. The home-range size of deer is less than 25 km 2 ; thus, the area (78.5 km 2 ) designated as being near the smelter (Ͻ5 km) is large enough to include the feeding grounds of multiple deer. Sites where deer were shot in the present study are assumed to be representative of their feeding grounds. Other studies have shown similar contaminant patterns in herbivores near emission sources. For example, Gabos et al. [2] found ⌺PCB concentrations in muscle to be significantly elevated in deer near a hazardous waste incinerator, and Gregor et al. [25] concluded that caribou were accumulating PCBs from an abandoned radar site in Saglek Bay (NF, Canada) by showing el- evated PCB concentrations in fat tissue near the site (68-365 ng/g lipid wt) compared to those more than 6 km away (7.8-13.0 ng/g lipid wt).
The average ⌺PCB levels in the present study fell within the range and were, for the most part, lower than numbers reported in studies quantifying non-point source contamination in terrestrial herbivores in Europe and North America, including caribou fat in the Canadian north (16.5-38.0 ng/g lipid wt) and roe deer fat in Poland (4-32 ng/g lipid wt) [26] [27] [28] . However, the mean PCB concentration of the 2002 deer within 5 km of the smelter (11 Ϯ 2.9 ng/g lipid wt, n ϭ 10) and that of the most contaminated deer that was both within 5 km of the smelter and in the prevailing wind direction (37 Ϯ 0.9 ng/g lipid wt) were closer to some of the higher concentrations found in caribou in the Canadian north cited above.
PCB homologue and congener patterns
The midrange PCB homologues-hexachlorobiphenyl, pentachlorobiphenyl, and heptachlorobiphenyl-had the highest relative abundance in the deer (31.7, 18.7, and 16.7%, respectively) compared to the lighter and heavier PCBs (Ͻ12%). Concentrations of pentachlorobiphenyl, hexachlorobiphenyl, heptachlorobiphenyl, and octachlorobiphenyl also showed significant inverse relationships with distance from the smelter in 2002, and significant differences were detected between the slopes of the 1999 and 2002 regression lines as tested by an ANCOVA model (Table 1 and Fig. 1 ). This trend was mirrored in select congeners from these groups, particularly PCBs 99, 138-163, 187-182, and 201 (Table 1 and Fig.  1 ). The mono-and di-, tri-, tetra-, nona-, and decachlorobiphenyl homologue groups did not show a relationship with distance in the 2002 deer, nor were there differences between 1999 and 2002. These homologues, however, were mostly nondetects in our samples, with only 14, 42, 47, 56, and 51% of the samples, respectively, being above the detection limits (Table 1).
The midrange PCBs have a greater tendency to bioaccumulate and biomagnify in food chains, and the relative abundance of the homologues found in the present study are consistent with those found in deer and caribou contaminated from both regional and point sources [2, 29] (http://amap.no/ documents/search.cfm?categoryϭ2&submitϭGo). This pattern was not reflected in the stack emissions, in which a high abundance of decachlorobiphenyl and a low proportion of the other PCB homologues (Ͻ10%) were reported ( [14] ; Magnola Metallurgy, unpublished data). Polychlorinated biphenyl congeners span a wide range of volatilities, hydrophobicities, and reactivities, causing differential transformation as they partition and degrade in the environment and are concentrated to varying degrees in biota. Connell and Hawker [3] modeled this phenomenon using a bell-shaped curve to quantify the relationship between bioconcentration factors (BCFs; ratio of contaminant uptake to elimination) with lipophilicity (log K OW ). The Flory-Huggins Theory accounts for this pattern by relating solubility to molecular size, where the bioaccumulation of midrange PCBs primarily is controlled by membrane diffusional processes. This diffusion is impeded for compounds of greater molecular size, such as the most highly chlorinated PCBs; accordingly, the bell-curve declines as the BCF decreases with an increasing log K OW [3, 30] .
Dioxins and furans and nPCBs
In the present study, the average ⌺PCDD/F and ⌺nPCB concentrations measured in deer tissue during 2002 were 5.28 and 2.28 pg TEQ/g, respectively. Among all the samples, the deer located in the prevailing wind direction and close to the smelter (maximum-value deer) had the highest ⌺PCDD/F (26.46 pg TEQ/g) and ⌺nPCB (12.33 pg TEQ/g). These concentrations were close to the ⌺PCDD/F measured in deer fat within a 30-km radius of an accidental PCB and PCDD/F spill from a waste treatment plant (42 pg TEQ/g lipid wt, n ϭ 3) [31] . The ⌺PCDD/F and ⌺nPCB measured five years after the a Relative abundances are expressed as a percentage of total PCDD/Fs. The ratio of congener abundance from deer to air represents the transfer of individual PCDD/F congeners to the deer. b Beef BCF (unitless) obtained from an air-beef food chain model [35] . c Air concentrations measured from electrolysis chambers, August through November 2002 (n ϭ 6) (Magnola Metallurgy, Danville, QC, Canada, unpublished data).
spill in deer fat up to 30 km from the source (5.6 and 2.47 pg TEQ/g lipid weight, respectively; n ϭ 7) were very similar to the average concentrations reported in the present study [32] . The ⌺PCDD/F found in the maximum-value deer of the present study also were similar to concentrations in reindeer muscle from the Russia's Kola Peninsula (20 pg TEQ/g lipid wt), an intensively mined region known to be one of the most polluted in the Arctic [33] . Combined levels of PCDD/Fs, nPCBs, and mono-ortho-PCBs in caribou from the Canadian North (0.3-3.3 pg TEQ/g lipid wt) reported concentrations lower than those found in the present study [34] . Dioxins, furans, and nPCBs in deer from 2002 were plotted against distance from the smelter in a subset of deer samples (n ϭ 12). Concentrations of ⌺nPCB showed a significant decline with distance (r 2 ϭ 0.37, p ϭ 0.018), with PCB 126 being the most significant (r 2 ϭ 0.4, p ϭ 0.014) and abundant of the nPCB congeners (relative abundance, 62%), followed by PCB 169 (r 2 ϭ 0.3, p ϭ 0.033) and PCB 77 (r 2 ϭ 0.2, p ϭ 0.072), with the latter two being present in lower relative proportions (17 and 20%, respectively) (Fig. 2) . Concentrations of ⌺PCDD/F did not show a significant decline with distance (r 2 ϭ 0.095, p ϭ 0.16). The most toxic congener, 2,3,7,8-TCDD, with a TEF of one, demonstrated the most significant decline with distance relative to the others (r 2 ϭ 0.19, p ϭ 0.099).
Overall, the congener patterns in deer did not resemble those of the stack emissions. This may be explained by their partitioning, transformation, and degradation as they move from air into other environmental media [4] [5] [6] . Bioconcentration factors were used to account for differences between the PCDD/F homologue profile in the stack emissions and the deer. Our BCFs were adopted from a model by Lorber et al. [35] predicting PCDD/F transfer from air to cattle. The BCFs were plotted against a dataset derived from the present studynamely, ratios of the relative abundances of PCDD/F congeners in deer to air (stack emissions) ( Table 2) . A positive significant linear relationship (r 2 ϭ 0.36, p ϭ 0.011) was the result, indicating the congeners that concentrated in the deer in the present study coincided with the higher BCFs reported by Lorber et al. [35] , whereas the congeners that had a high abundance in the air but did not concentrate in the deer were those with low BCFs. Additionally, the relationship between relative abundance of PCDD/F congeners in air alone and BCFs did not show such a pattern, showing that bioconcentration can account for differences in congener patterns in the smelter emissions and the deer.
EROD activity
The mean EROD activity measured in the present study was 71.72 Ϯ 9.5 pmol/min/mg protein, encompassing values ranging from 19.9 to 134 pmol/min/mg protein. These values were similar to mean EROD activities (66.52 Ϯ 6.36 pmol/ min/mg protein, n ϭ 5) in red deer from a nonindustrialized park in the United Kingdom as reported by Sivapathasundaram et al. [10] in, to our knowledge, the first study to document the expression of cytochrome P450 families in deer liver. A significant inverse relationship was found between EROD activity as measured in the deer liver and distance from the smelter (p ϭ 0.009, r 2 ϭ 0.42) (Fig. 3) , mirroring the trend that was seen with nPCBs ( Fig. 2) . Ethoxyresorufin O-deethylase activity and ⌺PCB concentrations in deer fat showed a significant positive linear relationship (r 2 ϭ 0.2, p ϭ 0.05). These results show a clear biochemical response by the deer to contaminants near the magnesium smelter.
Risk assessment
The risk of adverse health effects posed to humans by local deer consumption was analyzed by comparing contaminant concentrations to consumption guidelines. The World Health Organization specifies a TDI range for nPCBs and PCDD/Fs of 1 to 4 pg TEQ/kg body weight/d [36] , and Health Canada stipulates a TDI that lies approximately in the middle of the PCB and dioxin accumulation in deer near a smelter Environ. Toxicol. Chem. 26, 2007 2657 Fig. 3 . Log-transformed ethoxyresorufin O-deethylase (EROD) activity in deer fat (n ϭ 13) as a function of distance from the smelter.
The regression between log EROD activity and distance was statistically significant (p Ͻ 0.05). [13] . Non-ortho-PCB is abbreviated nPCB. b Mean of samples within 5 km of source (n ϭ 6). c Mean of samples beyond 5 km and within 20 km of source (n ϭ 4). d Mean of samples beyond 20 km of source (n ϭ 2). e Maximum value sample within 5 km of the source and in the prevailing wind direction (northeast) [15] . f 95% upper confidence limit on the mean of all samples (n ϭ 12).
World Health Organization range (70 pg/kg body wt/month, or 2 pg TEQ/kg body wt/d) [37] (http://www.hc-sc.gc.ca/ ewh-semt/pubs/contamsite/part-partieii/indexe.html). Risk was calculated using the 95% UCL on the mean, a standard method to estimate the reasonable maximum point exposure concentration to which a receptor might be exposed over a significant amount of time [24] . Additionally, the samples were grouped into categories to best represent the different levels of risk of PCDD/F exposure associated with deer at varying distances from the smelter, including samples from within 5 km of the smelter in all geographic directions (n ϭ 6), samples from between 5 and 20 km of the smelter (n ϭ 4), samples from beyond 20 km (n ϭ 2), and a maximum value of contamination (maximum-value deer) located within 5 km of the smelter and in the prevailing wind direction.
The quantity of PCDD/Fs and nPCBs found in a single portion of deer meat (270 g/week) declined with distance from the smelter, and the number of portions that could be safely consumed in deer beyond 20 km of the smelter were less restrictive than the number for those deer located in closer proximity ( Table 3 ). The sum of PCDD/Fs and nPCBs found in a single weekly portion of meat from the maximum-value deer (located within 5 km of the smelter and in the prevailing wind direction) was 2.77 pg TEQ/kg body weight/week, and it would require five 270-g portions per week to exceed the Health Canada TDI (14 pg TEQ/kg body wt/week), in contrast to an unrestricted number of meals (175 meals/week) of deer beyond 20 km of the smelter (Table 3 ). According to the 95% UCL of the mean, Health Canada would allow no more than 13 meals per week. Health risk was marginally present in the maximum-value deer, which yielded a HQ of 0.2 (HQ Յ 0.2 indicates negligible risk) (Table 3 ) [13] . The 95% UCL yielded a HQ of 0.07, indicating negligible overall risk.
The estimation of dietary intake of PCDD/Fs and nPCBs from consumption of foodstuffs (mainly of animal origin) in many industrialized countries lies close to the Health Canada TDI (2 pg TEQ/kg body wt/d). This also was the case in Quebec, where the background dose of PCDD/Fs in commonly consumed fatty foods is 1.04 pg TEQ/kg body weight/d (7.25 pg TEQ/kg body wt/week) [38] (http://www.hc-sc.gc.ca/ fn-an/surveill/total-diet/intake-apport/indexe.html). The levels of contamination of deer in the present study (Table 3) were comparable with those in foodstuffs commonly available in Montreal [39] (http://www.hc-sc.gc.ca/fn-an/surveill/ total-diet/concentration/indexe.html).
Guidelines stipulating TDIs are interpreted on a case-bycase basis. For example, a conservative approach was used by Easton et al. [23] in the evaluation of farmed salmon consumption, and the study concluded that people were at risk of adverse health effects by exceeding the lower-bound value in the World Health Organization TDI range (1 pg TEQ/kg body wt/d), which lies below the Health Canada TDI. In contrast, when traditional foods in the Canadian North exceed the TDI, continued consumption has been recommended, because the nutritive and cultural benefits outweigh the risks of contamination [40] .
CONCLUSION
The present study showed that PCB concentrations in deer decreased with increasing distance from a magnesium smelter after production began in 2000. No such decline was observed one year before the start of production, suggesting that PCBs released from the smelter were accumulating in the deer population. The congener profiles in stack emissions and in the deer followed a typical bioaccumulation pattern. Concentrations of nPCB congeners and EROD induction in deer also decreased with distance after magnesium production began, but this pattern was not observed for PCDD/Fs. The health risk for deer consumption, as indicated by the Health Canada TDI guideline applied to the 95% UCL of the mean TEQ concentration as determined from our sampling, was low.
